; 4Soc Mex ORL y CCC, Mexico City, Mexico Southwest metropolitan Mexico City children are repeatedly exposed to high levels of a complex mixture of air pollutants, including ozone, particulate matter, aldehydes, metals, and nitrogen oxides. We explored nasal cell 8-hydroxy-2'-deoxyguanosine (8-OHdG), a major mutagenic lesion producing G-+T transversion mutations, using an immunohistochemical method, and DNA single strand breaks (ssb) using the single cell gel electrophoresis assay as biomarkers of oxidant exposure. Nasal biopsies from the posterior inferior turbinate were examined in children in grades one through five, including 12 controls from a low-polluted coastal town and 87 Mexico City children. Each biopsy was divided for the 8-OHdG and DNA ssb assays. There was an age-dependent increase in the percentage of nasal cells with DNA tails > 10 pm in Mexico City children: 19 ± 9% for control cells, and 43 ± 4, 50 ± 16, 56 ± 17, 60 ± 17 and 73 ± 14%, respectively, for first through fifth graders (p < 0.05). Nasal ssb were significantly higher in fifth graders than in first graders (p < 0.05). Higher levels (2.3-to 3-fold) of specific nudear staining for 8-OHdG were observed in exposed children as compared to controls (p c 0.05). These results suggest that DNA damage is present in nasal epithelial cells in Mexico City children. Persistent oxidative DNA damage may ultimately result in a selective growth of pr eneoplastic nasal initiated cells in this population and the potential for nasal neoplasms may increase with age. The combination of 8-OHdG and DNA ssb should be useful for monitoring oxidative damage in people exposed to polluted atmospheres.
Despite complex DNA repair mechanisms, oxidatively modified DNA is present in human tissues; the damaged nucleosides accumulate with age in both nuclear and mitochondrial DNA (1) (2) (3) (4) (5) (6) . The respiratory apparatus is exposed to reactive oxygen species (ROS) and reactive nitrogen species (RNS) from a variety of sources, including air pollutants, phagocytic cells, aerobic bacteria, and reactive xenobiotic-drug metabolites (4, (7) (8) (9) (10) . Oxidants can injure cells through damage to DNA, thus producing structural alterations, affecting cytoplasmic and nuclear signal transduction pathways and modulating the activity of proteins and genes that respond to stress and which act to regulate the genes related to cell proliferation. All of these injuries can lead to cell death or malignant transformation (7, 8, 10, 11) . The contribution of oxidative stress to the development of human cancer will depend on several factors, including the extent of DNA damage, levels of antioxidant defenses, DNA repair systems, and the cytotoxic effects of ROS in large amounts (8) .
Validation studies of biologic markers are necessary to follow populations repeatedly exposed to atmospheric pollutants, including ozone, particulate matter, aldehydes, and nitrogen oxides, with the ultimate goal of preventing cancer and other diseases (12) . The significant interindividual variation in biomarkers apparently reflects the modulating effect of genetic and acquired susceptibility factors (12) . Identification of subpopulations at higher risk of detrimental effects from air pollutant exposure is needed (13) .
The nasal epithelium offers an accessible, easily monitored tissue. As the first site of contact of the respiratory tract with the environment, it is a common site for absorption of many gases and vapors and for particle deposition-a prime site for toxicant-induced pathology (14, 15) . Human nasal neoplasms may be related to exposure to environmental factors, including tobacco smoke, dust, metals, aldehydes, chemicals, and viruses (16, 17) . Oxidative DNA damage is generally regarded as a significant contributory cause of cancer for some environmental pollutants (18) . In view of its potential importance, we compared two methods for measuring DNA damage-8-hydroxy-2'-deoxyguanosine and DNA strand breaks-in nasal epithelial cells from children chronically exposed to atmospheric air pollutants. This paper focuses on the usefulness of these two biomarkers in the particular setting of chronic exposure to high concentrations of air pollutants, and the potential relevance of these assay findings in the development of nasal neoplasms. bowax-ethanol buffer (0.8% polyethylene glycol in 70% ethanol). After briefly vortexing, the cell suspension was cytospun at 300 rpm for 5 min onto each of two slides precoated with 0.2% poly-D-lysine. Slides were air dried, fixed in 95% ethanol, and stored at -80°C until staining.
Single gel cell electrophoresis assay. We assessed DNA damage by the SCGE assay (20) and analysis was carried out as described previously (21) . Briefly, the single nasal cell suspension volume was adjusted to 50,000 cell/50 pL RPMI. The 50-pL cell suspension sample was mixed with 50 pL low-melting agarose at 37°C and placed on precleaned microscope slides (Fisher fully frosted slides, Fisher Scientific), which were already covered with a thin layer of 0.5% normal-melting agarose. The slides were kept at 40C for 5 min to allow solidification of the agarose, then immersed in a freshly made cold 4°C lysing solution (2.5M NaCI, 100 mM Na2, EDTA, 10 mM Tris, pH 10, and 1% Triton) for 1 hr to lyse the cells. The slides were then removed from the lysing solution and placed on a horizontal gel electrophoresis unit (Easy Cast, Model B2, Owl Scientific, Inc., Woodburn, MA). The unit was filled with fresh electrophoretic alkaline buffer (1 mM EDTA and 300 mM NaOH), and the slides were allowed to sit for 20 min to permit unwinding of DNA before electrophoresis. Samples were electrophoresed for 20 min at 25 V and 300 mA. After electrophoresis, the slides were washed gently with 0.4 M Tris, pH 7.5, then stained with 25 pL of 20 ,g/mL ethidium bromide in distilled water. Observations were made using an Olympus AH-2 microscope (Alta Technologia Laboratorios, Tokyo, Japan) equipped with an excitation filter of 515-560 nm and a barrier filter of 590 nm. We analyzed a minimum of 50 randomly selected cells per sample and the score was based on the observations of one slide reader, thus minimizing variability due to subjective scoring. Clinical data. Children in the control group reported no nasal or respiratory symptoms. The exposed children complained of nasal obstruction (63%), epistaxis (48%), nasal dryness (43%), and cough and chest discomfort (46%). Symptoms were more frequent in older children: nasal obstruction 46 versus 73%, epistaxis 30 versus 86%, nasal dryness 30 versus 80%, cough 46 versus 66%, and chest discomfort 25 versus 73% in first versus fifth graders, respectively.
Detection of 8-OHdG. Representative biopsies indicating lighter nuclear staining from a control nasal sample as compared to a sample from an exposed child are shown in Figures IA and IB, respectively. As a control for the staining, cells from several positive subjects were restained after either treatment of the slide with DNase, or with primary antibody that had been preabsorbed with 8-OHdG before use. These treatments resulted in decreased nuclear staining and demonstrated the staining specificity. Relative staining intensity was quantitated and the mean nuclear staining for 8-OHdG in nasal cells from control children was 210 ± 122, whereas the exposed groups showed mean values of 627 ± 197, 577 ± 132, 657 ± 170, 647 ± 260, and 502 ± 218 for first through fifth graders, respectively (Figure 2 ). There was a significant difference in mean nuclear staining between control and exposed groups (p < 0.05), but no differences among the exposed groups themselves. Cell viabilities. There was a significant difference between nasal cell viabilities in control versus exposed children in first, second, and fifth grades (p < 0.05), but there were no differences between controls and third and fourth graders. The viabilities were 76.2 ± 6.2, 56.3 ± 12, 61.7 ± 13, 64.6 + 9, 65.2 + 12, and 59.1 ± 17 for controls and first through fifth grade, respectively (Figure 4 ). 
Discussion
This study describes the simultaneous application of two methods of estimating different types of DNA damage to the study of nasal cells in children chronically exposed to severe air pollution: DNA ssb by the SCGE assay, and 8-OHdG (a product of base oxidation) detected by immunohistochemistry. Although we observed an agedependent increase in the numbers of ssb, the 8-OHdG mean nuclear intensity-2.3 to 3-fold higher in exposed versus control children-remained the same for all five age groups studied. The age-dependent increase in the number of ssb in nasal cells has been previously described by this laboratory in a similar population of SWMMC elementary school children (21) . These results could be related to several factors: * The progressive diminution with age of patches of goblet cell hyperplasia, with decreased production of mucus and its antioxidant effects (21, 27) . Goblet cell metaplasia has been described in nasal transitional epithelium of monkeys exposed 8 hr/day for 6 days to relatively low ozone concentrations (0.15 ppm) and represents an adaptative protective mechanism against the continued ozone insult (28) . In SWMMC residents this protective mechanism is present in young children and is markedly absent in adults exposed to the outdoors for more than 10 hr/day (21, 29, 30 ).
* A difference in daily outdoor exposure between younger and older children, a significant factor (p < 0.001) already described (21) . Older children engage in competitive sports outdoors and are more likely to be exposed to significant pollutant peaks. * Persistence of oxidative stress could result in an alteration in the pro-oxidant-antioxidant balance, a situation that might become more severe with time (31).
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Control First Second Third Fourth Fifth Control and exposed children Figure 3 . Mean nuclear staining (average absorbance) for 8-hydroxy-2T-deoxyguanosine in nasal cells using monoclonal antibody IF7; control versus exposed children grades one through five. *Significant difference between control and exposed children (p< 0.05).
* The lack of differences could also be due to limitations of the technique-the immunohistochemical method of detection of 8-OHdG gives only relative levels of staining intensity, not quantitative data on damage levels. However, the combination of both techniques may be useful to detect oxidative stress in the nasal epithelia of these exposed children.
In Mexico City's environment, oxidative DNA damage is likely the result of the myriad of air pollutants present: 03, NO2, NO , SO2, aldehydes, transition metals, automobile exhaust, and suspended particles that contain or act as reactive radicals (27, (32) (33) (34) (35) (36) . The respiratory epithelium is constantly exposed to ROS and RNS from exogenous (air pollutants, xenobiotics) as well as endogenous sources (phagocytic respiratory burst, mitochondrial respiration, cellular oxidases) (7) . Excess production of ROS or RNS, their production in inappropriate relative amounts, or deficiencies in antioxidant defenses may result in pathological stress to the exposed cells and tissues (37) . Our interest in free radicals in the Mexico City setting is related to the fact that they may contribute to human carcinogenesis by oxidative modification of DNA (1, 2, 8, (38) (39) (40) (41) . ROS damage cells through oxidation of structural or functional proteins, membrane lipid peroxidation, nucleic acid base damage, DNA strand breaks, DNA strand cross-linkage, and alteration of certain membrane functions and membrane receptors (7, 38, 42, 43) . ROS can also exacerbate inflammation, an issue of high relevance in these children chronically exposed to air pollutants given that a nasal neutrophilic response is constantly present (44) (45) (46) (47) . Phagocytic cells produce superoxide anions and related products (H202, HOCI, OH.), and although these ROS are necessary for defense against microorganisms, they secondarily damage exposed host tissues (7, 48 (54) . In addition, the formation of 8-OHdG seems to be a determinant factor for particle-induced lung tumors in rats in association with inflammation and increased cell proliferation (55), as a mechanism by which tobacco smoke is carcinogenic (56) , in human mesothelial cells exposed to crocidolite asbestos (57) , and in oxidative DNA damage mediated by copper and iron (58 (59, 60) .
DNA breaks may exert a long-range effect on chromatin conformation, which according to Cerutti (38) is incompatible with efficient transcription. Ozone genotoxicity has been demonstrated both in vitro and in vivo using DNA ssb as a biomarker (61) (62) (63) . DNA ssb are increased in human lung fibroblasts and in a human bronchial epithelial cell line when incubated with arachidonic acid that has been degraded by ozone (63) . In vivo controlled human exposures to 0.4 ppm ozone for 2 hr with moderate exercise induced DNA ssb in lung cells, mainly alveolar macrophages (62). Lee et al. (62) suggested that formation of DNA ssb may be an indicator of the tumorigenic potential of ozone. In vivo oxidative DNA damage is repaired continuously by a variety of enzymes; strand breaks are annealed and modified bases are excised as such or as nucleotides (64) . Despite extensive repair, however, damaged nucleosides may accumulate if the sources of DNA damage are persistent. Antioxidant defense systems are often inadequate under a constant oxidant burden and damaged DNA leads to mutations and to an increasing risk for clonal expansion of cells transformed by oncogene activation and/or tumor-suppressor gene inactivation.
Oxidative DNA damage to the nasal respiratory epithelium is taking place in Mexico City residents (21, 29, 30, 44) and multiple sources of ROS may be playing a crucial role in this persistent oxidative stress environment (65, 66) . Both nasal 8-OHdG and DNA ssb are significantly increased in exposed children as compared to controls and may be used as biomarkers for DNA damage in polluted environments. However, we agree with Spencer et al. (67) (68) (69) ) that care must be taken when using only one base product as a marker of oxidative DNA damage and that the interpretation of DNA ssb should take into account direct DNA damage versus oxidized base repair (18, 42) .
Our main concern is that a persistent oxidative stress environment may ultimately result in the selective growth of preneoplastic nasal initiated cells (40, 66) and that the potential for nasal neoplasms may increase as the children grow older. Enright et al. (70) suggest that the heterogeneity of damage to DNA with targeting of specific accessible sites is important in the development of malignancy, and that both the site specificity and the nature of the DNA lesions determine their carcinogenic potential. Additional studies of DNA damage and adduct formation (71) in the nasal passages of children living in Mexico City will be needed to make estimations of risk and impact of exposure to known and predicted carcinogens (72 
